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NS5A, has recently been solved, revealing a novel protein fold, a zinc coordination motif and a dimerization interface (58). Modeling of the NS5A dimer at the membrane surface allowed to propose an RNA-binding groove exposed towards the cytosol (58). A recent study has confirmed the RNA binding properties of HCV NS5A (27). In this context, we and others have shown that an N-terminal amphipathic alpha-helix mediates membrane association of HCV NS5A (8, 19) . Targeting to the endoplasmic reticulum (ER) or an ER-derived modified compartment occurred via a post-translational mechanism (8) . Analysis of the three-dimensional structure of the membrane segment by NMR spectroscopy revealed an amphipathic alpha-helix that is embedded in-plane into the cytosolic leaflet of the membrane bilayer (46). Systematic mutational analyses demonstrated that the exact positioning of the conserved residues exposed to the cytosol on the hydrophobic side of the helix is essential for HCV RNA replication independent from membrane association. Based
A C C E P T E D
at Penn State Univ on February 12, 2008 jvi.asm.org Downloaded from on these observations, we have proposed that the HCV NS5A membrane anchor domain constitutes a platform that is involved in specific protein-protein interactions essential for the assembly of a functional replication complex (46).
The aim of this study was to identify the determinants for membrane association of NS5A from the related GB-and pestiviruses. We demonstrate that membrane association of NS5A by an N-terminal amphipathic alpha-helix is a feature shared by HCV and these related members of the Flaviviridae family. Despite structural conservation, only very limited exchanges with sequences from these related viruses were functionally tolerated in a subgenomic HCV replicon, suggesting virus-specific interactions of these segments. This conservation and virus-specific functional differences may be exploited in the search for viral and/or cellular factors involved in HCV RNA replication and the development and evaluation of novel antiviral strategies.
at Penn State Univ on February 12, 2008 jvi.asm.org
Downloaded from

Materials and Methods
Sequence analyses and structure predictions. Sequence analyses were performed using facilities available at the IBCP Network Protein Sequence Analysis website (NPSA; http://npsa-pbil.ibcp.fr; ref. 14) . Protein secondary structures were deduced from a large set of prediction methods available at the NPSA website, including DSC, HNNC, SIMPA96, SOPM, GOR4, PHD, and Predator. NS5A sequences from GBV-A, GBV-B, GBV-C, BVDV, CSFV and other pestiviruses as well as NS5 sequences from flaviviruses where retrieved from the UniProt protein database (5) using the homology search programs BLAST (2) or FASTA (45). HCV NS5A sequences were retrieved from the European HCV Database (http://euhcvdb.ibcp.fr/; ref. 15) using BLAST. Multiple sequence alignments were performed with CLUSTAL W (61) using default parameters. The repertoire of residues at each amino acid position and their frequencies observed in natural sequence variants were computed by using a program developed by our laboratory (F. Dorkeld, C. Combet, F. P., and G. D., unpublished).
Peptide synthesis and circular dichroism (CD) analyses. Peptides GBV-C
NS5A (YVWDLWEWVMRQVRMVMSRLRALCPVV) and BVDV NS5A (SGNYVLDLIYSLHKQINRGLKKIVLGWA) were synthesized using the stepwise solidphase method of Merrified employing Fmoc (N-9-fluorenylmethoxycarbonyl) chemistry and purified to homogeneity by reverse phase-high pressure liquid chromatography (RP-HPLC). The purity of both peptides was greater than 95%, as determined by RP-HPLC and electrospray mass spectroscopy.
CD spectra were recorded on a CD6 dichrograph from Jobin Yvon calibrated with
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at Penn State Univ on February 12, 2008 jvi.asm.org Downloaded from (1S)-(+)-10-camphorsulfonic acid. Measurements were carried out at room temperature using a 0.1-cm path length quartz cuvette, with peptide concentrations ranging from 40 to 50 µM. Spectra were recorded in the 190-250 nm wavelength range with a 0.5-nm increment and a 2-s integration time. The spectra were processed with the CD6 software, baseline corrected, and smoothed using a thirdorder least square polynomial fit. Spectral units were transformed into molar ellipticity per residue using peptide concentrations determined by measurements of UV light absorbance at 280 nm and molar extinction coefficients of 1536 and 5600 M -1 . cm -1 for tyrosine and tryptophan, respectively. The alpha-helix content was estimated at 222 nm using the empirical equation of Chen et al. (12) , as detailed previously (35) with a theoretical molar ellipticity per residue of -35 740 and -35 870 degree . cm 2 . dmol -1 for 100% helical conformation of the GBV-C NS5A and BVDV NS5A peptides, respectively.
Plasmids. NS5A fragments from GBV-B, GBV-C and BVDV were amplified by PCR from functional cDNA clones kindly provided by Jens Bukh (National Institutes of Health, Bethesda, MD) (11), Jack Stapleton (University of Iowa, Iowa City, IA) (65) and Sven-Erik Behrens (Fox Chase Cancer Center, Philadelphia, PA) (56), respectively. The beginning and the end of the NS5A sequences of these related viruses had been determined experimentally in the case of GBV-C (6) and BVDV (55, 66) or by sequence comparison in the case of GBV-B (51). Plasmids generated by ligation into pcDNA3.1(+) (Invitrogen, La Jolla, CA) allow both eukaryotic expression from a cytomegalovirus promotor and in vitro transcription from a T7 RNA polymerase promotor. Constructs derived from pUHD10-3 (24) allow inducible expression from a tetracycline-controlled transactivator (tTA)-dependent promotor.
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For amplification of GBV-B NS5A sequences, primer pairs GBV-B-5Afwd -GBV-B-5A-HArev, GBV-B-5A∆N33fwd -GBV-B-5A-HArev, and myc-GBV-B-5Afwd -GBV-B-5A-HArev were used (Table 1) . PCR fragments were digested with EcoRI and XhoI and cloned into pcDNA3.1(+) to yield plasmids pCMV-GBV-B-5A-HA, pCMV-GBV-B-5A∆N33-HA, and pCMV-myc-GBV-B-5A-HA, respectively. pCMV-GBV-B-5A-HA allows expression of GBV-B-NS5A with a C-terminal hemagglutinin (HA) epitope tag.
In pCMV-myc-GBV-B-5A-HA, an additional c-myc epitope tag is fused to the Nterminus. pCMV-GBV-B-5A∆N33-HA allows expression of GBV-B NS5A with a deletion of the N-terminal 33 amino acids and a C-terminal HA tag.
NS5A fragments of GBV-C were generated by PCR using primer pairs GBV-C-5Afwd
-GBV-C-5A-HArev, GBV-C-5Afwd -GBV-C-5A-FLAGrev, GBV-C-5A∆N27fwd -GBV-C-5A-HArev, and GBV-C-5A∆N27fwd -GBV-C-5A-FLAGrev (Table 1) to yield plasmids pCMV-GBV-C-5A-HA, pCMV-GBV-C-5A-FLAG, pCMV-GBV-C-5A∆N27-HA, and pCMV-GBV-C-5A∆N27-FLAG, respectively. These constructs allow expression of full length GBV-C NS5A or of a protein with deletion of the N-terminal 27 amino acids and a C-terminal HA or FLAG tag.
BVDV NS5A fragments were PCR-amplified using primer pairs BVDV-5Afwd -BVDV-5A-HArev and BVDV-5A∆N28fwd -BVDV-5A-HArev (Table 1) . PCR products were cloned into pcDNA3.1(+) and pUHD10-3 (24) via EcoRI and XbaI restriction sites, yielding plasmids pCMV-BVDV-5A-HA, pCMV-BVDV-5A∆N28-HA, pUHD-BVDV-5A-HA, and pUHD-BVDV-5A∆N28-HA, respectively. These constructs allow expression of full-length BVDV NS5A or of a C-terminally HA tagged deletion mutant lacking the N-terminal 28 amino acids.
The N-terminal 33 amino acids of GBV-B were fused to the N-terminus of the green fluorescent protein (GFP) by 3 successive PCR amplification steps using pEGFP-N1
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(Invitrogen) as template and the primer pairs GBV-B-5AN33fwd-1 -GFP+600rev, GBV-B-5AN33fwd-2 -GFP+250rev, and GBV-B-5AN33fwd-3 -GFP-XbaIrev (Table   1 ). The product of the third PCR reaction was digested with EcoRI and XbaI, followed by ligation into pcDNA3.1(+) to yield pCMV-GBV-B-5AN33-GFP. Primer pairs GFP600fwd -GBV-B-5AN33rev-1, GFP-250fwd -GBV-B-5AN33rev-2, and GFPEcoRIfwd -GBV-B-5AN33rev-3 (Table 1) were employed to fuse the N-terminal 33 amino acids of GBV-B NS5A to the C-terminus of GFP by the same strategy. The resulting plasmid was named pCMV-GFP-GBV-B-5AN33. Fusions of the N-terminal 27 and 28 amino acids of GBV-C and BVDV NS5A to the N-and C-termini of GFP were prepared accordingly using forward primers GBV-C-5AN27fwd-1, GBV-C5AN27fwd-2, GBV-C-5AN27fwd-3, BVDV-5AN28fwd-1, BVDV-5AN28fwd-2, and BVDV-5AN28fwd-3 and the reverse primers GBV-C-5AN27rev-1, GBV-C-5AN27rev-2, GBV-C-5AN27rev-3, BVDV-5AN28rev-1, BVDV-5AN28rev-2, and BVDV5AN28rev-3 ( Table 1 ). The resulting constructs will be referred to as pCMV-GBV-C-5AN27-GFP, pCMV-BVDV-5AN28-GFP, pCMV-GFP-GBV-C-5AN27 and pCMV-GFP-BVDV-5AN28.
Replicon constructs were derived from pCon1/SG-Neo(I)/AflII, a subgenomic genotype 1b replicon harboring an adaptive change in NS5A (S2204I) (39) (kindly provided by Charles M. Rice, The Rockefeller University, New York, NY), using overlap extension PCR. Each chimeric sequence was introduced into complementary forward and reverse primers (Table 1) . Fragments were amplified from pCon1/SGNeo(I)/AflII using forward primers with the flanking reverse primer 4923rev and reverse primers with the flanking forward primer 3596fwd. Two forward and reverse primers each were used in two sequential PCRs to exchange the entire HCV NS5A alpha-helix with the corresponding segments from GBV-B, GBV-C and BVDV (Table For analyses of polyprotein processing and subcellular localization of the chimeric constructs, replicon SfiI fragments were subcloned into the T7 RNA polymerasedriven expression construct pTM-NS3-3' (28) (kindly provided by Ralf Bartenschlager, University of Heidelberg, Germany).
All plasmids were verified by DNA sequencing.
Cell lines. Tetracyclin-regulated cell lines were generated as described previously (38, 40). In brief, the constitutively tTA expressing, U-2 OS human osteosarcomaderived founder cell line UTA-6 (20) was co-transfected with pUHD-BVDV-5A-HA or pUHD-BVDV-5A∆N28-HA and pBabepuro (42), followed by selection with G418 and puromycin. Antibiotic double-resistant clones were pooled and subjected to 
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Transcripts were purified using the RNeasy Mini Kit (Qiagen, Hilden, Germany) with an on-column DNase treatment using the RNase-Free DNase Set (Qiagen).
Huh-7.5 cells were transfected with in vitro transcribed RNA by electroporation essentially as described previously (7). In brief, RNA transcripts (1 µg) were mixed with 0.4 ml of washed cells containing 6 x 10 6 cells in a 2-mm gap cuvette and
at Penn State Univ on February 12, 2008 jvi.asm.org number was maintained at 6 x 10 5 cells per dish. Seventy-two h after plating, selection was started with 700 µg/ml G418. Three weeks later, drug resistant colonies were fixed with 7% formaldehyde, followed by staining with 1.25% crystal violet in 25% ethanol to facilitate colony counting.
at Penn State Univ on February 12, 2008 jvi.asm.org In conclusion, despite the poor amino acid sequence similarities between the NS5A N-terminal sequences of HCV, GB-and pestiviruses, a common amphipathic alphahelical pattern is predicted which suggests a similar function for this structural determinant in all these viruses.
Structure predictions were validated experimentally for GBV-C and BVDV. To this end, peptides consisting of the N-terminal 27 and 28 amino acids of NS5A from GBV-C and BVDV, designated as GBV-C NS5A and BVDV NS5A , respectively, were chemically synthesized (Fig. 2) . A recent analysis of BVDV NS5A by NMR and molecular dynamics simulations using a water-octanol interface allowed us to determine its three-dimensional structure and the positioning of its amphipathic alpha-helix at the hydrophobic-hydrophilic phospholipid interface (50). The CD experiments reported here (Fig. 2 ) allowed us to corroborate our previous findings and constitute a reference for the analysis of the GBV-C NS5A [1- 27] peptide in various membrane mimetic environments. These CD experiments also allowed us to probe the helix folding and stability dependency to the polar head of detergents used to mimic the phospholipid polar head features at the membrane interface.
CD spectra of GBV-C NS5A reveal this peptide to be quite soluble in water at pH 4.0 and to exhibit a spectrum typical of an alpha-helix, with a maximum around 192 nm and two minima around 208 and 222 nm ( Fig. 2A) . Addition of trifluoroethanol (TFE) up to 50%, which stabilizes the folding of peptide sequences with an intrinsic propensity to adopt an alpha-helical structure (9, 34), had almost no effect on the shape and the amplitude of the CD spectra ( Fig. 2A) . These features are very reminiscent of the previously reported characteristics of an HCV NS5A peptide (8) and suggest that the GBV-C NS5A peptide forms micelle-like oligomers interacting by hydrophobic interactions. In contrast, at neutral pH in water, the amplitude of the CD signal strongly decreased and the spectral shape indicated a mixture of poorly defined conformations including alpha-helix structures, suggesting some aggregation. No such aggregation was observed at neutral pH in the presence of the detergents used here to mimic the membrane environment, since the CD spectra showed roughly the same shape and amplitude as in TFE 50% (Fig. 2B ).
This behavior is in agreement with a strong propensity of the peptide to bind to lipids.
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A helical content of 80-86% was estimated at 222 nm in water at acidic pH, in TFE 50% and in the various detergents irrespective of the pH, indicating that about 22 of the 27 amino acids of GBV-C NS5A adopt an lpha-helical fold. This is perfectly in line with the secondary structure prediction reported in Figure 1 .
In contrast to GBV-C NS5A , BVDV NS5A was poorly soluble in water and gave a complex CD spectrum at pH 4.0 ( helical content differences are smaller. This suggests that both peptides might interact with specific phospholipids in the membrane. In contrast, the lack of spectral shape variation for both peptides at various pH in the presence of these detergents indicate that the folding of these peptides as well as their interactions with lipids is not sensitive to pH variation (data not shown).
In conclusion, GBV-C NS5A and BVDV NS5A[1-28] display a high propensity to adopt an alpha-helical structure upon association with lipid-like molecules. This experimental data together with the structure predictions ( Fig. 1) demonstrates that the presence of an N-terminal amphipathic alpha-helix is a feature shared by NS5A
proteins from hepaci-, GB-and pestiviruses. By contrast, sequence analyses did not reveal similar structural determinants in the NS5 proteins from members of the flavivirus genus (data not shown).
The N-terminal 33, 27 and 28 amino acids serve as membrane anchors of NS5A
proteins from GBV-B, GBV-C and BVDV, respectively. Systematic sequence analyses and structure predictions, followed by CD analyses of synthetic peptides identified amphipathic alpha-helices at the N-termini of NS5A from GBV-B, GBV-C and BVDV. To assess whether these domains could mediate membrane association,
we fused the N-terminal 33, 27 and 28 amino acids of NS5A from GBV-B, GBV-C and BVDV, respectively, in frame either to the N-or C-terminus of GFP. Constructs were transfected into U-2 OS human osteosarcoma cells, followed by confocal laser scanning microscopy. Representative results are shown in Figure 3 . In contrast to GFP which is diffusely distributed within the cytoplasm and nucleus (data not illustrated), the fusion constructs showed a fluorescence pattern that included the nuclear membrane, was pronounced in the perinuclear region, and extended in a Membrane flotation analyses were performed to confirm and extend these observations. To this end, U-2 OS cells transfected with the different expression constructs were subjected to hypotonic lysis, followed by equilibrium centrifugation of cell lysates in 37.5 to 5% Nycodenz gradients. Under these conditions, membrane proteins float to the upper, low density fractions while soluble proteins remain in the lower, high density fractions (Fig. 4A) . As shown in Figure 4B the N-terminal 33, 27 and 28 amino acid residues, respectively, of GBV-B, GBV-C and BVDV led to loss of membrane association of these proteins and a diffuse distribution in the cell (Fig. 5, right panels) . In contrast to HCV NS5A with a deletion of its N-terminal segment (8) , no accumulation in the nuclei was found. In this context, sequence analyses using PredictNLS (http://rostlab.org/cgi/var/nair/resonline.pl; ref. 13 ) revealed a nuclear localization signal only in HCV NS5A but not in the NS5A proteins from GB-and pestiviruses.
To confirm the immunofluorescence data, full-length and truncated NS5A proteins were expressed in U-2 OS cells and subjected to membrane flotation analyses. As shown in Figure 6 , full-length proteins were found almost exclusively in the upper, low density fractions while deletion of the N-terminal membrane anchor domains resulted in a shift into the lower, high density fractions. was replaced in constructs GBV-B 8-13, GBV-C 8-13 and BVDV 8-13. Finally, construct BVDV 8-12 was prepared to maintain the cysteine residue that is absolutely conserved at HCV NS5A position 13. RNA was in vitro transcribed from these constructs and electroporated into Huh-7.5 cells, followed by G418 selection. As shown in Fig. 8A , replication of construct GBV-C 8-13 was only moderately impaired as compared to the parental HCV replicon. This construct carried the most conservative changes with respect to the HCV sequence (valine to leucine at position 8, aspartate to glutamate at position 10, and cysteine to methionine at position 13) and maintained the absolutely conserved tryptophane residues at positions 9 and 11.
We had previously shown that cysteine 13 is not essential for HCV RNA replication (46). Construct GBV-B 8-13, which carried the second most conservative changes but did not maintain the tryptophane at position 11, yielded only very few colonies at the highest cell density (Fig. 8A) . All other constructs did not yield any viable clones, as illustrated in an exemplary manner for GBV-C 4-29 (Fig. 8A) . These results indicate that, despite structural conservation, only very limited changes were tolerated in the context of functional HCV RNA replication.
To exclude a defect in polyprotein processing or membrane association of the chimeric NS5A proteins, all constructs were subcloned into a T7 RNA polymerase promotor-driven expression construct comprising the entire HCV nonstructural region and analyzed in Huh-7 cells that constitutively express T7 RNA polymerase (Huh7-T7-IZ cells). As shown in Fig. 8B , NS5A was correctly processed in all constructs. In addition, immunofluorescence microscopy revealed that all constructs were associated with membranes (Fig. 8C) .
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Discussion
In this study we demonstrate that in-plane membrane association of NS5A by an Nterminal amphipathic alpha-helix is a feature shared by hepaci-, GB-and pestiviruses. Similar to our earlier observations with HCV NS5A (8) , the N-terminal 27-33 amino acids were sufficient to correctly target and anchor to the membrane the NS5A proteins from GBV-B, GBV-C and BVDV. In addition, systematic sequence analyses and structure predictions allowed us to extend these observations to GBV-A and CSFV, another member of the pestivirus genus.
The observation that very similar membrane anchor domains of highly ordered structure can be found in these related viruses strongly supports the hypothesis that These results point toward an essential role of tryptophane residues 9 and 11 in HCV NS5A. The essential role of these tryptophane residues is highlighted by construct BVDV 8-12. The severe replication defect of this construct can be attributed entirely to these tryptophan residues. Tryptophane residues 9 and 11 could be involved in
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